With the growing global efforts to estimate the in uence of civilization on the climate change it would be desirable to survey sea surface heights (SSH) not only by remote sensing techniques like satellite altimetry or (GNSS) Global Navigation Satellite System re ectometry but also by direct and in-situ measurements in the open ocean. In recent years different groups attempted to determine SSH by ship-based GNSS observations. Due to recent advances in kinematic GNSS (PPP) Precise Point Positioning analysis it is already possible to derive GNSS antenna heights with a quality of a few centimeters. Therefore it is foreseeable that this technique will be used more intensively in the future, with obvious advantages in sea positioning. For the determination of actual SSH from GNSS-derived antenna heights aboard seagoing vessels some essential hydrostatic and hydrodynamic corrections must be considered in addition to ocean dynamics and related corrections. Systematic in uences of ship dynamics were intensively analyzed and sophisticated techniques were developed at the Jade University during the last decades to precisely estimate mandatory corrections. In this paper we will describe the required analyses and demonstrate their application by presenting a case study from an experiment on a cruise vessel carried out in March 2011 in the Atlantic Ocean.
Introduction
During the last decade the observation of sea surface heights (SSH) became more and more important since the resulting data is of major interest for progress in different areas (e.g. oceanography, geodesy, geophysics) including environmental studies and other applications (e. g. early warning systems). Satellite altimetry is used as a standard method particularly in the open ocean to derive dense information on the mean sea level and its variation (Bosch and Savcenko 2010) . Nowadays observations by means of (GNSS) Global Navigation Satellite System re ectometry give additional tried to nd a simple approximation of the ship's squat but did not take into account the physical nature of this effect (Bouin et al. 2009, Pineau-Guillou and Dorst 2011) . Obviously there is confusion in the geodetic community on the physics of some hydrodynamic effects and how they should be accounted for properly. Since an unsuitable treatment of hydrodynamic corrections can lead to systematic errors of some decimeters it seems advisable to draw the awareness of geodesists on this point. In this paper we will give an overview of the methods and the corrections that have to be applied for the estimation of SSH using ship based GNSS measurements. In Section 2 we discuss the physical effects that in uence the height of a GNSS antenna onboard a ship over the unperturbed water surface. After a brief description of static, dynamic and external in uences, their magnitude and possible corrections, we focus on the dynamic effect of the ship's motion. Section 3 describes the physical basics of the prominent hydrodynamic squat effect, its dependence on ship's speed and water depth and the estimation of correction values from numerical simulations and full-scale experiments. In Section 4 we present as a case study an experiment carried out on a cruise vessel on the Atlantic Ocean between Tenerife and Madeira Islands in March 2011. The data analysis and determination of hydrostatic and hydrodynamic corrections are described in detail and the quality of the results is estimated. Section 5 concludes our ndings and gives an outlook to possible future developments.
Ship dynamics
A moving ship has 6 degrees of freedom. Translations and rotations can be observed by a eld of GNSS antennas installed aboard the ship. The axes of small, quasi-static roll and pitch motions intersect in a point called the longitudinal centre of oatation (LCF), which is the centre of the waterline area. We shall use this point to reference the site of measurement. We can assume that the position of a GNSS antenna in the ship's body frame can be obtained from conventional surveying techniques with respect to the gen-eral arrangement plan to an accuracy of a few dm. Typically, the antenna position is displaced from the LCF by almost half the ship's length. Therefore, with moderate roll and pitch angles, the uncertainty in the antenna position alongship and athwartship will have negligible in uence on the height determination. However, the vertical coordinate must be calibrated after the equipment has been installed. Statically, the draft is obviously changed by cargo operations. Additionally, all vessels carry deadweight in fuel bunkers and water ballast tanks. Given the exact mass distribution, the cargo computer produces the actual values of draft, trim and list. Often, however, the mass distribution is not known exactly and the values given by the cargo computer can be in error by several dm, depending on the type of vessel. At the beginning or end of a voyage it is possible to check the values by reading the draft marks on the hull or by the use of static pressure sensors. During a voyage the draft characteristics change due to the consumption of fuel oil and the re-distribution or exchange of ballast water. On a typical container vessel, such as the one underlying Fig. 1 , one day's fuel consumption would reduce the draft by about 1 cm. From the engine log it should be possible to keep track of this in uence rather well. The need to exchange ballast water at sea arises from the international ballast water convention, which aims to prevent the transport of invasive organisms into areas in which they would be harmful to biodiversity. Provided these operations are well documented, they will not give rise to signi cant errors. A problem, which should be addressed rather thoroughly, is the variability of water density, because its in uence differs substantially according to the measurement scenario. A change of 1% in water density will result in a draft change of between 0.5% and 1%, depending on the shape of the ship's hull. Water density is a function of salinity and temperature -compressibility can be neglected down to depths reached by ships' keels. Between a fresh water port and open sea the density increases by typically 2.3%. Between various areas of the open ocean differences up to 0.6% are observed and accurate data is available in near real-time from the Aquarius satellite (Lagerloef et al. 2008) . Consequently, if a voyage starts in a salt water port, draft changes due to variations in water density can be followed with negligible error. If a voyage starts in a fresh water port, the difference to open ocean is more pronounced, but can still be corrected rather accurately. For a ship setting sail from a brackish water port the correction of draft poses more of a challenge, because water density depends quite unpredictably on tide and fresh water contributions. Port authorities usually operate salinity and temperature sensors at tide gauge sites and these data would have to be taken into account meticulously during processing. External in uences on the antenna ellipsoidal height include tide-related effects, currents, atmospheric pressure and geoid undulations. In the test experiment described in Chapter 4 these in uences were considered best possible with the limited data available. In a future concept of continuous GNSS-based SSH measurement acquisition on a large number of vessels, the data would be fed into a global model where the external in uences can be treated as adjustable unknowns. Dynamically the antenna height is affected by wave induced heave, roll and pitch. To correct for this in uence single receiver epoch-to-epoch phase differences can be used to compute coordinate differences in time, integrate the vertical component and later on high-pass lter the results to avoid the accumulation of errors (Reinking and Härting 2002) . The applied method is explained in detail in Section 4.4. From several years of experience we are con dent that the quality of the correction thus obtained is in most cases excellent. However, a pronounced ocean swell of very long period would be problematic, demanding an impracticably low lter cutoff. A ship at sea is surrounded by its own wave system (see Fig. 2 ), which is hydrodynamically generated by the moving hull. It consists primarily of a bow and stern wave and a trough in the middle. To maintain hydrostatic equilibrium the centre settles in a lower position and there may be a change of trim.
This phenomenon is called "squat". In shipping practice the main concern about squat is the reduction of under-keel-clearance, especially since squat is more pronounced in restricted waters than at open sea. For the ship-based observation of SSH, of course, the change in absolute height is important. One of the key purposes of this paper is to show how the squat effect can be correctly included in the determination of sea surface height.
Squat Corrections
In rst approximation the squat effect is governed by Bernoulli's equation, which, for an incompressible uid, can be stated as
where v is the velocity of ow in the ship's frame, g is the gravitational acceleration and h is the height. The equation states that the sum of dynamic and hydrostatic pressures is constant along a streamline. Compared to a moving point the ship's hull de ects the streamlines and forces particles to ow along elongated paths.
Yet, the particles must reach their destination in the same time as if the ship were not present. As a result, the ow velocity is increased alongside the hull and the corresponding change of hydrostatic pressure creates the typical wave system depicted in Fig. 3 . Whereas the principle can be understood with Bernoulli's equation, a computation of the amount of squat requires the knowl-edge of the velocity eld in a volume around the ship's hull. 
where T is the static draft and C b is the block coefficient. C b is the quotient of the vessel's displacement and the surrounding cuboid calculated from ship's length between perpendiculars, its width and the mean static draft and describes the shape of the hull. A similar empirical expression holds for the width of in uence. From these we can typically state that, in a waterway deeper than 6 times its draft and 10 times its breadth a vessel's squat will be the same as in the open ocean. In the SHIPS-method the escort craft's draft should be small compared to the investigated vessel, such that its squat can be treated as depending on speed only. Then, a onedimensional calibration function is sufficient to correct for squat. This calibration function is obtained from a separate experiment, in which the escort craft is operated in the vicinity of a oating platform equipped with GNSS. The boat is run at various speeds with stopping in between and the height differences are analyzed. An analogous calibration can be carried out for a large vessel, preferably with an escort craft that has been calibrated independently.
The depth of in uence is, of course, larger, but for experiments in the open sea a squat correction depending on speed only will be sufficient. For relatively wide and shallow areas, such as the southern part of the North Sea, a correction depending on speed and depth may be necessary. To produce such a two-dimensional calibration is more elaborate, but possible (Härting et al. 2004 ). Calibration of both, escort craft and large ship would severely be complicated by the presence of a long oceanic swell. Such sea conditions should be avoided during calibration. In SSH determination with a calibrated ship averaging over a minute or so should be justi ed, which would eliminate all but the longest waves.
Case study

Experimental Setting
To validate the possibilities and the limits of ship-based SSH observation we carried out an experiment on a vessel that sailed from St. Cruz de Tenerife to Funchal, Madeira ( chal. All receivers collected GPS raw data with a sampling rate of 1 Hz. Sea and wind conditions were calm to moderate with wave heights of about 1 m. Apart from the GPS data additional information was recorded before, during and after the cruise to ensure a proper consideration of all in uencing effects. As described before, the squat of a vessel is a combination of the dynamic change of draft and trim. The centre of rotation of the ship's hull is free of a trim-dependent height change and therefore an appropriate reference point to describe the relevant apparent sinkage of the ship's hull. Even though, strictly speaking, the centre of rotation is changing dynamically, the longitudinal centre of oatation (LCF, see section 2 above) can be used as a good approximation. The coordinates of the LCF in the ship's reference frame (SRF) were taken from the loading computer of the vessel and additional manual draft readings in both ports were used to verify particularly the vertical component of the LCF position. To derive the LCF position in a global reference frame later on, the GPS antenna positions in SRF were taken from the general arrangement plan of the vessel and calibrated by GPS-derived static coordinate differences and draft readings at the berth in Funchal. Data from the vessel's voyage data recorder (VDR) for the whole cruise in conjunction with data from the loading computer were used to estimate draft changes due to fuel consumption or variation of water density. This is done by dividing the information on displacement changes by Tonnes per centimeter (TPC) values, (mass required to increase or decrease a ship's mean draft by 1 cm). The values of water density show no variation, hence not correction was applied. To ensure a proper estimation of the relevant speed through water manual recordings of the velocity measurements from the ship's Doppler log in deep water were taken and later compared with revolution-per-minute data (RPM) of the propellers from VDR and speed over ground derived from GPS data. Additional tide gauge data and GNSS data from xed reference stations were taken for data validation and quality check:
• 30-sec GNSS data from TN01 reference station in Sta. Cruz Supplementary global geoid and ocean tide model data were used:
• Geoid heights calculated by the International Centre for Global Earth Models (ICGEM) (Barthelmes 2009 ) using EIGEN-6C model (Fórste et al. 2011) • Global ocean tide model parameters of DTU10 (Cheng and Andersen 2010)
GPS data processing
The GPS data processing was carried out by different analysis strategies using three software packages: Self-developed software was used to derive changes of the global Cartesian coordinates between every pair of consecutive measurement epochs of the antenna reference points (ARP) by an epoch-to-epoch carrier phase double difference approach Hárting 2002, Reinking 2010 ) with a quality of better than 1-2 cm. From the resulting data the course and speed over ground as well as the heave of the ships can be derived. A likewise self-developed dual-frequency carrier phase double difference software package with MLAMBDA ambiguity resolution (Chang et al 2005) was used in a movingbaseline mode to calculate kinematic coordinate differences either between the ARPs of the receivers aboard the ship themselves or between any one of them and the escort craft. The same software was used in a standard kinematic mode for coordinate differences between any of the moving receivers and a xed reference station.
Our software was developed, tested and used during the last decade in more than 100 full-size squat experiments and generates centimeter level relative coordinate differences (Hárting et al. 2004, Reinking and . The coordinates of the ARPs in IGS08 reference frame were derived from PPP processing using Bernese software 5.0 (BSW) (Hugentobler et al. 2006 , Teferle et al. 2007 , Geng et al. 2010 ). We used 5-sec satellite clocks, earth orientation parameters and orbits from CODE (Center for Orbit Determination in Europe) (Dach et al. 2009 ) to avoid inconsistencies. Due to a lack of memory of the receivers aboard the cruise vessel we had to download the data en-route and restart data collection. Therefore the data sets of the receivers contain gaps of some seconds leading to a set-up of new carrier phase ambiguities for all satellites at the beginning of a new time segment. The time segments with continuous data have a length of not less than 5 hours so that a sufficient quality of the resulting coordinates from a PPP solution can be expected. However, all segments for a single receiver were introduced into a common processing to assure a proper estimation of tropospheric parameters and to avoid related coordinate jumps between the time segments. The results of all three processing modes were used to derive the ship's attitude and the relative position of the LCF, the heave of the escort craft and the cruise vessel and the nal coordinates of the LCF in IGS08 reference frame.
Ships attitude and relative coordinates of LCF
The data from the receivers aboard the cruise vessel were processed using precise CODE satellite ephemeris in a moving baseline mode relative to the receiver at the foremast and yield 3D
Cartesian coordinate differences between the ARPs with respect to IGS08. The resulting coordinate differences were transformed to local plane coordinate differences. Ships attitude and the coordinate differences in IGS08 of the LCF relative to the receiver at the foremast can be derived from a simple 3D transformation of the antenna and LCF coordinates in SRF. As mentioned before, the Figure 5 . Average absolute residuals of transformation of ship frame coordinates of GNSS antennas to GNSS-derived 3D coordinate differences in IGS08.
antenna coordinates in SRF were derived from readings of the general arrangement plan which gives in this case a quality not better than 0.5 m. To ensure high-quality coordinates, particularly in the height components, we processed the GPS data from the receivers aboard the cruise vessel relative to the one on the escort craft in the port of Funchal without motion of both platforms and derived the coordinate differences of the ARPs. The height of the ARP on the escort craft above the water level was measured by tape. Since the LCF at berth represents the water level and its height in SRF is wellknown from draft readings, the heights of the ARPs of the receivers aboard the cruise vessel relative to SRF could be adjusted to derive the correct height difference to the water level later on. The horizontal components were tted according to horizontal distances derived from GPS processing. The position of both aft receivers athwartship was kept xed because the antennas were installed on a construction of the superstructure of the vessel for which the hull frame position is well-known. Both aft receivers were installed symmetrically with respect to the amidships axis. The average absolute residuals of the 3D transformation are shown in Fig. 5 . The ship sailed to north during most of the time. Hence, the larger average residuals for northern direction are a result of a less perfect t of the longitudinal antenna positions of the port and starboard antennas in SRF. A discrepancy in the longitudinal distances of these antennas to the bow antenna leads to larger residuals for the aft antennas but not for the one at the bow. The vertical component ts very well because the longitudinal extension of the network is six times the lateral extension and therefore vertical discrepancies are easily absorbed by small variations of the rotation angles. Low-pass-ltering of the resulting pitch leads to the dynamic trim which can be reduced by the static trim to derive the dynamic trim change (Fig. 6 ). For bulk carriers this trim change is commonly strongly correlated with the speed of the vessel while for container ships it depends additionally on the static draft of the ship. It has been shown that, for container ships, the dynamic trim changes only slightly if the bulbous bow is just submerged Figure 6 . Dynamic trim change and speed over ground of the cruise vessel during the experiment.
completely (Reinking et al. 2009 ). This was also the case during this experiment with the AIDAblu which has a hull shape close to the form of a container ship. Therefore the dynamic trim change does not show a velocity-related systematic behaviour. The trim changes linearly between Modi ed Julian Dates (MJD) 55639.92 and 55640.32 which could be a result of the fuel consumption.
Though small, changes in displacement may lead to a trim change as the bunkers are separated from the centre of buoyancy.
Heave of escort craft, heave and speed of the cruise vessel
Heave determination
Double-differences of carrier phase between consecutive epochs can easily be used to derive 3D coordinate differences between epochs. If these differences are cumulated, the result will be inuenced by possibly short and long term neglected systematic effects (e.g. tropospheric effects or satellite and receiver clock drift) but also by a random walk. Although very good approaches are used in GNSS processing to reduce the in uence of systematic effects, the random walk as a long-term variation can only be eliminated by appropriate ltering of the cumulated coordinate differences. Applying an adequate ltering will additionally reduce long-term systematic effects not modelled properly. If the vertical component of the cumulated coordinate differences for a GNSS antenna aboard a ship is high-pass ltered the wave-induced vertical motion or heave of the antenna can be determined exactly for the observation epochs and positions. In this investigation we used a 6th order Butterworth digital high-pass lter (Parks and Burrus 1987) with 0.025 Hz cut-off in a forward-backward application. The selected cut-off reduces effects with a period longer than about 40 s and seems to be adequate since we assume that waves show only shorter periods in moderate sea conditions (Van Dorn 1993). 
Heave determination of GNSS antenna aboard the escort craft
The escort craft was equipped with a single receiver installed at the stern of the boat at a height of about 1.9 m above sea level and 0.37 m to port from amidships. Therefore, a short-periodic but stochastic pitch will lead to a likewise short-periodic, stochastic height variation that cancels out if averaged. This need not necessarily hold for a short-periodic but stochastic roll of the boat. Due to the low antenna height above the rotation axis, which can be assumed to be at water level, up to a roll angle of 5
• the in uence is less than 2 cm and hence in the order of the achievable height quality. With respect to the shape of the escort craft's hull it can be assumed that, particular at higher speeds, the roll amplitude will not exceed this limit. In fact, at higher speeds a long-periodic heel change -corresponding to the direction of the incoming waves and wind -might occur, which cannot be corrected by this approach and has to be accounted for in a different way.
Heave determination of LCF of the cruise vessel
Before the height differences are used to derive the heave of the cruise vessel the vertical in uence from pitch and roll must be eliminated. For this purpose, the changes of the pitch and roll angles between the epochs are derived from the above mentioned attitude determination and used to correct the coordinate differences of the successive epochs. Afterwards, the differences were cumulated and ltered to derive the heave for every single antenna. The results must be equal since they should describe the vertical movement of the whole ship. Therefore the single heave values are averaged for every distinct epoch to derive the heave of the ship's LCF. The average standard deviation for the heave is 0.007 m, the histogram of the standard deviations for all epochs is shown in Fig. 7 .
At this place a remark on accuracy limitations in heavy seas is in order. Dynamically the roll and pitch axes vary in height and the tions on ship motion in waves, which could lead to a model for correcting such an error, are a subject of present studies. Speed determination The cumulated horizontal components of the coordinate differences are low-pass ltered to derive the speed over ground (SOG) of the AIDAblu with a high quality, but hydrodynamic effects are correlated with the speed trough water (STW). The STW from the Doppler log was not recorded in the VDR data, so we recorded it manually for the major part of the journey while the vessel sailed in deep water. The relation between STW and SOG is plotted in Fig. 8 and can be stated as linear with a constant factor of 0.99. Therefore, we assume no hydrodynamically relevant current in this area during the experiment and will use the SOG as STW. If current is assumed to be negligible the SOG of a vessel is related to RPM of the ship's propeller and headwind. Figure 9 shows the raw data of headwind and RPM taken from VDR and SOG from GPS.
Only the segments with constant RPM (no acceleration) were used to derive a simple relation of SOG as a linear function of RPM and a quadratic function of headwind. The residuals can be interpreted as a combination of slip of the propeller and a neglected current.
The maximum value of the residuals rarely exceeds 0.3 m/s and the average absolute value is 0.07 m/s which can be neglected from a hydrodynamic perspective.
PPP solution and LCF coordinates
The GPS data sets were independently processed using BSW. We reduced the sample rate of the GPS data to 5 s to avoid any effect of possible interpolation of satellite clocks and also to reduce processing time. The maximum speed of the vessel is about 9.5 m/s so that the distance between data points will be still less than 50 m. No data for ocean tide loading were introduced but earth tides were Figure 9 . GNSS-derived speed over ground (SOG), headwind and RPM data from ship's VDR during the experiment.
accounted for to enable a later calculation of the result in a conventional tide free reference frame whereupon ocean tide loading must be applied too. The resulting 3D Cartesian coordinates are related to IGS08 reference frame. To derive the 3D Cartesian coordinates of the LCF in IGS08, the 3D coordinate differences of the antenna's ARPs and LCF from the moving baseline solution were transformed to the PPP solution. Only a translational transformation was applied because the attitude is described by the coordinate differences with a higher quality than using PPP results. The residuals of this transformation can be used as good quality criterion for the PPP results and to detect and eliminate gross errors. Agnew, University of California, San Diego) based on ocean loading parameters derived from Bos and Scherneck free ocean loading provider (http://www.oso.chalmers.se/∼loading/). To ensure a proper estimation of displacements we processed the GNSS data of both stations using BSW PPP mode without introduction of ocean tide loading parameters. The variations of the heights are compared to the displacements calculated with hardisp.f for Funchal and Tenerife, respectively. Figure 11 shows a good agreement between ocean tide loading displacements and height variations of both stations. The resulting differences for north, east and up components are shown in Fig. 12 . For the departure (Fig. 12a ) and arrival (Fig. 12b ) the average differences are 1.2 cm resp. 1.4 cm for the east, 0.0 cm resp. -0.5 cm for the north and 3.3 cm resp. 3.6 cm for the up component. Considering that the results for the LCF coordinates from the relative kinematic solution have a quality of 1-2 cm for the horizontal and 2-3 cm for the vertical components, it seems permissible to assume a quality of the BSW PPP result for the LCF coordinates of 2-3 cm for the horizontal and 4-6 cm for the upward component.
Calibration of escort craft
Although small, the escort craft itself is in uenced by hydrodynamic forces. Hence, the antenna height aboard the escort craft is changing depending on speed and this must be corrected if the escort craft should represent the undisturbed water surface at the position of the cruise vessel while approaching Funchal. To derive a function that describes the hydrodynamic behaviour of the escort craft we carried out a calibration experiment at the port of Funchal in an "inverted" mode of the SHIPS method: the cruise vessel was used after berthing as a oating platform as a representation of the water level and the coordinate differences between the LCF of the cruise vessel and the ARP of the escort craft was calculated from the GPS relative kinematic processing using self-developed software. The escort craft was operated at various speeds in the vicinity of the cruise vessel (distance ranges from 600 to 1200 m) and engine stop maneuvers were carried out several times. Since, on a small boat, this maneuver takes only a few seconds, the squat effect can be seen directly from the change in height differences between the LCF and the ARP at the escort craft after the heave for both ships has been applied. Figure 13 shows the height differences corrected for heave and the related speed of the escort craft. The height differences were reduced by the height of the ARP aboard the escort craft above water level. The data has to be cleaned for segments with acceleration and turns to avoid in uences from related trim and heel effects. The remaining 644 data points are shown in Fig. 14. A thin-plate spline least squares ap- proach (Franke et al. 1994 ) was used to derive a functional t of the data yielding a standard deviation of 1.3 cm. The resulting function describes a typical hydrodynamic behaviour of a small but fast boat ). The squat can be positive or negative according to whether the boat is in displacement or planing mode. For the escort craft used here the maximum displacement squat occurs at about 5 m/s. From 8.5 m/s onward the dynamic lift dominates and the height increases considerably above the static value.
Calibration of cruise vessel
The height of LCF from relative kinematic processing of the departure from Tenerife and arrival in Madeira together with the height of the ARP of the escort craft, likewise derived from relative kinematic processing, were used to estimate the squat of the cruise ves- Figure 14 . Speed-depending height variation of the ARP aboard the escort craft. Used data points and control points of least squares thin-plate spline adjustment and resulting thinplate spline function.
sel. The distance between the escort craft and the cruise vessel ranges between 1,5 and 0,2 nm during the approach of Madeira.
The data of the departure was restricted to a segment of distance between 5 km and 25 km from the port of St. Cruz de Tenerife to eliminate data containing maneuverings at the beginning of the journey. The arrival data were reduced by a segment when the cruise vessel was travelling astern during the approach of her berth in the port of Funchal. Figure 15 shows the used tracks and con- tidal heights. These effects must be considered if the squat of the cruise vessel is to be estimated. Unfortunately, the escort craft was affected sideways by waves and wind from starboard leading to a long-periodic heel to the portside, which gradually reduced during the approach of Funchal as conditions calmed in the shadow zone of the island of Madeira. For an estimation of this in uence a projective recti cation was applied to two photos taken with a digital camera aboard the escort craft during the squat experiment in combination with one image from the port of Funchal in calm conditions (Fig. 17) . The inclination of the horizon was measured to 11.6
• and 4.0
• giving a height offset of the antenna of 11.8 cm and 3.2 cm respectively. One of the photos was taken just after the pi- lot boarded the cruise vessel, so the time of the photo can be identi ed with an error less than 30 s. The time marks of the photos taken from the stored image data were used to derive the recording time of the second photo. All observed data were introduced into a common least squares adjustment in which the systematic effects were estimated by the following functions:
• cients. The factor for the AIDAblu agrees perfectly with those from the CFD calculations.
Instantaneous SSH
The resulting height of the LCF obtained from the PPP solution and reduced for gross errors and outliers is now used to derive the instantaneous sea surface height along the track of the cruise vessel. Fig. 22 shows the LCF height in IGS08. It is clear that this result is in uenced by a heave of the ship of up to 1 m. The heavecorrected LCF height shows a much lower dispersion but it is still in uenced by the squat of the ship. This was corrected for by the derived squat function. The resulting LCF height represents the sea surface height including tidal variations and changes of geoid heights along the vessel's track. In analogy to Bouin et al. (2009) we calculated the short period precision (SPP) for which we com- Figure 17 . Rectified photos taken aboard the escort craft during the cruise (a) and after pilot boarding (b) used to estimate the heel influence on the antenna height.
puted the standard deviation of the mean value of the derived SSH over an interval with a length of 500 m. Although the correct elimination of long-periodic systematic effects (e.g. the ship's squat) cannot be controlled by SPP, this value gives an acceptable indicator for the noise level of the data. The histogram of the SPP values is shown in Fig. 23 , where the average SPP is 1.9 cm with a maximum value of 8.1 cm. The LCF heights were reduced by the geoid heights from EIGEN-6C, the tidal variation from DTU10 including ocean tides and ocean tide loading. Additionally, a correction for the Inverse Barometer effect was applied according to Picot et al. (2003) for which the pressure at the position of the ship was taken from the VDR data set. The result is plotted in Fig. 24 . For comparison the LCF heights without squat correction are displayed. It can clearly be seen that the disregard of the hydrodynamic behaviour of the ship would produce incorrect results which lead to misinterpretation of SSH and sea level anomalies.
Conclusion
We demonstrated that ship-based GNSS measurements can be used for precise observation of SSH if appropriate corrections are taken into account. Apart from static corrections, which directly inuence the draft of a vessel and hence the antenna height above the sea level, additional hydrodynamic corrections must be considered, in particular the squat of a ship, as well as corrections related to ocean dynamics. These hydrodynamic corrections can be determined with high precision for small craft as well as for seagoing ships. Because a ship's squat depends not only on speed but also on the water depth, larger vessels are more suitable for sur- proven reasonable to use multiple GNSS receivers aboard a ship to derive highly precise relative coordinate differences, which can be used for blunder detection and the elimination of gross errors. The quality of the results was only estimated using standard deviations or differences of results. An extensive analysis would be possible and necessary to build a complex uncertainty model which should also include correlations between the applied corrections and the resulting parameters. Due to the complexity of the problem a full description would go beyond the limits of this article and should therefore be the subject of another publication. It is foreseeable that future developments in PPP processing will lead to increased quality and reliability of the PPP results. Therefore, ship-based observations of SSH will be a signi cant complement to existing remote sensing methods. It is conceivable to equip a larger eet of seagoing ships with GNSS receivers and process and analyze the data in a scienti c community similar to the IGS. The derived information would likewise emphasize the reliability of the results from remote sensing methods. The data set with the results of the presented case study can be accessed upon e-mail request to the authors.
